China's cement and steel industry accounts for approximately half of the world's total cement and steel production. These two industries are two of the most energy-intensive and highest carbon dioxide (CO2)-emitting industries and two of the key industrial contributors to air pollution in China. For example, the cement industry is the largest source of particulate matter (PM) emissions in China, accounting for 40 percent of its industrial PM emissions and 27 percent of its total national PM emissions. The Chinese steel industry contributed to approximately 20 percent of sulfur dioxide (SO2) emissions and 27 percent of PM emissions for all key manufacturing industries in China in 2013.
In this study, we analyzed and projected the total PM and SO2 emissions from the Chinese cement and steel industry from 2010-2050 under three different scenarios: a Base Case scenario, an Advanced scenario, and an Advanced EOP (end-of-pipe) scenario. We used bottom-up emissions control technologies data and assumptions to project the emissions. In addition, we conducted an economic analysis to estimate the cost for PM emissions reductions in the Chinese cement industry using EOP control technologies, energy efficiency measures, and product change measures.
The results of the emissions projection showed that there is not a substantial difference in PM emissions between the Base Case and Advanced scenarios, for both the cement and steel industries. This is mainly because PM emissions in the cement industry caused mainly by production process and not the fuel use. Since our forecast for the cement production in the Base Case and Advanced scenarios are not too different from each other, this results in only a slight difference in PM emissions forecast for these two scenarios. Also, we assumed a similar share and penetration rate of control technologies from 2010 up to 2050 for these two scenarios for the cement and steel industry. However, the Advanced EOP scenario showed significantly lower PM emissions for the cement industry, reaching to 1.7 million tons of PM in 2050, which is less than half of that in the other two scenarios. The Advanced EOP scenario also has the lowest SO2 emissions for the cement industry in China, reaching to 212,000 tons of SO2 in 2050, which is equal to 40 percent of the SO2 emissions in the Advanced scenario and 30 percent of the emissions in the Base Case scenario. The SO2 emission is mainly caused by fuel (coal) burning in cement kiln or steel processes. For the steel industry, the SO2 emissions of the Advanced EOP scenario are significantly lower than the other scenarios, iv 
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Introduction
China's cement industry produced 2,360 million metric tons (MMt) of cement in 2015, accounting for 57 percent of the world's totalF cement production (NBS 2015a; USGS 2016) . Consistent with the Chinese cement industry's large production volume, total carbon dioxide (CO2) emissions from the industry are very high, as are associated air pollutant emissions, including sulfur dioxide (SO2), nitrogen oxides (NOX), carbon monoxide (CO), and particulate matter (PM). These emissions cause significant regional and global environmental problems. The cement industry is the largest source of PM emissions in China, accounting for 40 percent of PM emissions from all industrial sources and 27 percent of total national PM emissions (Lei et al. 2011 ).
China's steel production in 2015 was 804 MMt (worldsteel, 2016), representing 49.5 percent of the world production that year. The Chinese steel industry contributed to about 20 percent of SO2 emissions, and 27 percent of dust and PM emissions for all key manufacturing industries in China in 2013 (Wang et al. 2016) . In addition to setting emissions standards and adoption of end-of-pipe emissions control technologies, Chinese government policies also focus on reducing energy use, which, in turn, helps to reduce greenhouse gas (GHG) emissions. Other important co-benefits of energy efficiency policies and programs are reduced harm to human health through reduction in air pollutant emissions, reduced corrosion, and reduction in crop losses caused by surface ozone and regional haze (Aunan et al. 2004) .
In this study, we analyzed and projected the total PM and SO2 emissions from the Chinese cement and steel industry from 2010-2050 under three different scenarios. We used bottom-up emissions control technologies data to project the emissions. In addition, we conducted an economic analysis to estimate the cost for PM emissions reduction in the Chinese cement industry using end-of-pipe emissions control technologies 1 , energy efficiency measures, and product change measures.
This report begins with a brief introduction to the cement and steel industry in China and sources of air pollution from these two industries. Next, we describe the methodology used in this study, including the calculation and forecast for PM and SO2 emissions for the Chinese cement and steel industries and the economic analysis for PM abatement options for the cement industry as a case-study. Finally, we present our results, which include the PM and SO2 emissions forecasts for both industries and the PM abatement costs for different abatement options in the cement industry in China.
A Brief Overview of the Cement and Steel Industries in China
Cement industry in China
China produces over half of the world's cement, with 2,360 MMt produced in China in 2015 (NBS 2015a) . Two types of kilns-vertical shaft kilns (VSKs) and rotary kilns-are used in China to produce clinker, which is the key ingredient in cement. Vertical shaft kilns are outdated technologies that use significantly more energy to produce a ton of clinker than rotary kilns do.
In 2010, nearly 20 percent of China's cement was produced by plants using outdated vertical shaft kilns; the remainder was produced in plants using modern rotary kilns, including many plants equipped with new suspension pre-heater and pre-calciner (NSP) kilns (Figure 1 ). By the end of 2011, the share of cement produced by VSKs decreased to 15 percent (MIIT 2011). The Chinese government had an aggressive policy to phase out VSKs during the 11th Five-Year Plan (FYP) (2006) (2007) (2008) (2009) (2010) (2011) ; this policy continues in the 12th FYP ( -2016 ( (CIEE 2011 . 
Sources of air pollution in the cement industry
The main emissions from cement manufacturing are PM, NOx, SO2, CO, and CO2. In addition, small quantities of volatile organic compounds (VOCs), ammonia (NH3), chlorine, hydrogen chloride, and heavy metals (as particulate or vapor) may also be emitted. Residual materials from the fuel and raw materials and other hazardous pollutants that are products of incomplete combustion can also be emitted (U.S. EPA 2009a; European Commission 2010).
Producing one ton of cement releases an estimated 0.73 to 0.99 ton (t) of CO2, depending on the clinker-per-cement ratio and other factors. A major difference between the cement industry and most other industries is that fuel consumption is not the dominant driver of CO2 emissions. More than 50 percent of the CO2 released during cement manufacture, or approximately 540 kilograms (kg) of CO2 per ton of clinker (WBCSD 2009 ) is from calcination, in which calcium carbonate (CaCO3) is transformed into lime (CaO) in the following reaction (Equation 1):
The remainder of the CO2 emitted during cement manufacture is mostly the result of burning fuel to provide the thermal energy necessary for calcination. An average 100 to 110 kilowatt-hours (kWh) of electricity is consumed per ton of cement (WWF 2008) . The share of CO2 emissions from electricity use is, on average, 5 percent of the total CO2 emissions in the cement industry. Depending on the energy source and the efficiency with which it is used in the local electricity mix, this figure can vary from less than 1 percent to more than 10 percent. Roughly 5 percent of CO2 emissions are associated with quarry mining and transportation (WWF 2008) .
In this study, we focus on PM10 (particulate matter 10 microns or smaller in size) and SO2 emissions reductions. Exposures to these two pollutants can have serious environmental impacts (e.g., reduced visibility, acid rain) and human health impacts (disease and death). The discussion below focuses on the sources of these two pollutants in the cement industry. The European Commission (2010) has provided a detailed explanation of emissions sources and specific control technologies for each type of emissions in the cement industry.
The main sources of PM (PM10 and PM2.5) emissions at a cement plant are: (1) quarrying and crushing, (2) raw material storage, (3) grinding and blending (in the dry process only), (4) clinker production, (5) finish grinding, and (6) packaging and loading. The largest PM emission source at cement plants is the pyroprocessing system, which includes the kiln and clinker cooler exhaust stacks. Often, kiln dust is collected and recycled into the kiln, where clinker is produced from the dust. However, if the alkali content of the raw materials is too high, some or all of the dust is discarded or leached before being returned to the kiln. Other sources of PM are raw material storage piles, conveyors, storage silos, and unloading facilities (U.S. EPA 2009a).
Particulate matter emissions from the kiln stack are controlled by fabric filters (reverse air, pulse jet, or pulse plenum) and electrostatic precipitators. Particulate matter emissions from clinker cooler systems are most often controlled with pulse-jet or pulse plenum fabric filters (U.S. EPA 2009a).
Sulfur dioxide can be generated from the sulfur compounds in the raw materials, as well as from sulfur in the fuel, which varies from plant to plant and with geographic location. However, the highly alkaline internal environment in the cement kiln system creates good conditions for direct absorption of SO2 into the product, thereby mitigating the quantity of SO2 emissions in the exhaust stream. Depending on the process and the source of the sulfur, SO2 absorption ranges from about 70 percent to more than 95 percent (U.S. EPA 2009a).
Iron and steel industry in China
Production of iron and steel is an energy-intensive and air polluting manufacturing process. 
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China is a developing country, and the iron and steel industry, as a pillar industry for Chinese economic development, has grown rapidly along with the national economy. The average annual growth rate of crude steel production was around 18 percent between 2000 and 2010. China's steel production in 2014 consumed around 580 terawatt-hours (TWh) of electricity and 18,013 petajoules (PJ) of fuel (NBS 2015b) . The Chinese iron and steel industry has made much progress in reducing energy use, starting from energy saving of individual equipment and process energy conservation in the 1980s to systematic energy conservation via process optimization in the 1990s and 2000s. China's energy consumption per ton of steel has declined significantly, especially since the 1990s, largely due to process restructuring and optimization and by phasing out inefficient outdated technologies.
The promotion and application of energy-saving technologies has become an important step for increasing energy efficiency and reducing energy consumption of steel enterprises, especially during the 11th FYP (2006 ( ) and 12th FYP (2011 ( -2015 . During this time, energy efficiency technologies adopted in China's steel industry included: Coke Dry Quenching (CDQ), Top-pressure Recovery Turbine (TRT), recycling converter gas, continuous casting, slab hot charging and hot delivery, Coal Moisture Control (CMC), and recycling waste heat from sintering. The penetration level of energy efficiency technologies in the steel industry has improved greatly in China, improving its energy efficiency and emissions reductions (Hasanbeigi et al. 2011 ).
Sources of air pollution in the iron and steel industry
The Chinese steel industry contributed to about 20 percent of SO2 emissions, and 27 percent of dust and PM emissions for all key manufacturing industries in China in 2013 (Wang et al. 2016) . Figure 3 shows the contribution of different processes in the iron and steel industry to emissions of different pollutants in China.
Source: Wang et al. 2016 . Blast furnaces (BFs) account for approximately half of the PM emissions from the steel plant, followed by the sintering process, basic oxygen furnace (BOF), and electric arc furnace (EAF). The emissions from each of these processes are discussed briefly below. It should be noted that since most of the coke production in China happens outside of the iron and steel industry, coking is not included in this analysis.
Emissions from sintering
Emissions from sinter plants are generated from the raw material handling, windbox exhaust, discharge end (associated sinter crushers and hot screens), cooler, and cold screen processes. The windbox exhaust is the primary source of particulate emissions, mainly iron oxides, sulfur oxides, carbonaceous compounds, aliphatic hydrocarbons, and chlorides. At the discharge end, emissions are mainly iron and calcium oxides. Sinter strand windbox emissions commonly are controlled by cyclone cleaners followed by a dry or wet electrostatic precipitator, high pressure drop wet scrubber, or bag filters (U.S. EPA 2009b).
Emissions from a blast furnace
Significant emissions to all media occur from the blast furnace process. Because of the high input of reducing agents (mainly coke and coal), this process consumes most of the overall energy input of an integrated steelworks (European Commission 2013). The primary source of blast furnace emissions is the casting operation. Particulate emissions are generated when the molten iron and slag contact air above their surface. Casting emissions also are generated by drilling and plugging the taphole. The occasional use of an oxygen lance to open a clogged taphole can cause heavy emissions. During the casting operation, iron oxides, magnesium oxide, and carbonaceous compounds are generated as particulate. Casting emissions at existing blast furnaces are controlled by evacuation through retrofitted capture hoods to a gas cleaner, or by suppression techniques. Emissions controlled by hoods and an evacuation system are usually vented to a bag filters. Another potential source of emissions is the blast furnace top (U.S. EPA 2009b).
Emissions from a basic oxygen furnace
Emissions to air from various sources such as primary and secondary dedusting, hot metal pretreatment and secondary steelmaking, and various solid process residues are the main environmental issues in BOF steelmaking (European Commission 2013). The most significant emissions from the BOF process occur during the oxygen blow period. The predominant compounds emitted are iron oxides, although heavy metals and fluorides are usually present. Charging emissions will vary with the quality and quantity of scrap metal charged to the furnace and with the pour rate. Tapping emissions include iron oxides, sulfur oxides, and other metallic oxides, depending on the grade of scrap used. Hot metal transfer emissions are mostly iron oxides. Basic oxygen furnaces are equipped with a primary hood capture system located directly over the open mouth of the furnaces to control emissions during oxygen blow periods (U.S. EPA 2009b).
Emissions from an electric arc furnace
The emissions to air from the EAF furnace consist of a wide range of inorganic compounds (iron oxide dust and heavy metals) and organic compounds such as persistent organic pollutants, such as polychlorinated biphenyls (PCBs) and dibenzofurans (PCDD/F) (European Commission 2013). The operations which generate emissions during the electric arc furnace steelmaking process are melting and refining, charging scrap, tapping steel, and dumping slag. Iron oxide is the predominant constituent of the particulate emitted during melting. During refining, the primary particulate compound emitted is calcium oxide from the slag. Emissions from charging scrap are difficult to quantify, because they depend on the grade of scrap utilized. Scrap emissions usually contain iron and other metallic oxides from alloys in the scrap metal. Iron oxides and oxides from the fluxes are the primary constituents of the slag emissions. During tapping, iron oxide is the major particulate compound emitted. Emissions control techniques involve an emissions capture system and a gas cleaning system (U.S. EPA 2009b).
Methodology
The three scenarios we used to project the PM and SO2 emissions from the cement and steel industries in China from 2010-2050 are described in the subsection below. We used the China 2050 Demand, Resources and Energy Analysis Model (DREAM) model, which is developed by the China Energy Group at Lawrence Berkeley National Laboratory, to forecast both the cement and steel industry production and the energy use from 2010-2050. The China 2050 DREAM model structure, as well as the methodology to forecast cement and steel production, is detailed in the following subsections.
Scenarios
This study consisted of three distinct scenarios:
1. Base Case Scenario: The baseline scenario assumes that only policies in place in 2010 will continue to have an effect, and that autonomous technological improvement (including efficiency improvement and fuel switching) occurs. The end-of-pipe emissions control technologies share and penetration remain at the 2010 level through the study period up to 2050.
Advanced scenario:
In this scenario, China meets its energy needs and improves its energy security and environmental quality by deploying the maximum feasible share of currently cost-effective energy efficiency and renewable supply technologies by 2050. The end-of-pipe emissions control technologies share and penetration remain at the 2010 level through the study period up to 2050.
Advanced scenario with Improved End-of-Pipe (EOP) Emissions Control (Advanced EOP):
This scenario is similar to the Advanced scenario above, with the only difference being that the end-of-pipe emissions control technologies share and penetration rate improves through the study period up to 2050.
In all three scenarios, only technologies that are commercialized or piloted at scale were considered.
China 2050 DREAM model
Building on the China Energy Group's long-term experience working with Chinese collaborators and our understanding of Chinese data, we have developed and continually refined our detailed, bottom-up China 2050 DREAM model to evaluate potential future low-emissions pathways for China. We initiated the development of this model in 2005 in response to a growing Chinese government policy focus on energy efficiency and the need for a tool capable of modeling and evaluating energy efficiency policies, programs, and targets, such as those set out in the recent 11th and 12th Five-Year Plans.
The foundation for the China 2050 DREAM model is an accounting framework of China's energy and economic structure using the LEAP (Long-Range Energy Alternatives Planning) software platform developed by Stockholm Environmental Institute. LEAP is a medium-to long-term integrated modeling tool that can be used to track energy consumption, production, and resource extraction in all sectors of an economy, as well as to conduct long-range scenario analysis.
The China 2050 DREAM model includes a demand module consisting of five demand subsectors (residential buildings, commercial buildings, industry, transport, and agriculture) and a transformation module consisting of the energy production, transmission, and distribution subsectors. Using LEAP, the model captures diffusion of end-use technologies and macroeconomic and sector-specific drivers of energy demand, as well as the energy required to extract fossil fuels and produce energy and a power sector with distinct generation dispatch algorithms. This model enables detailed consideration of technological development-industrial production, equipment efficiency, residential appliance usage, vehicle ownership, power sector efficiency, lighting, and heating usage-as a way to evaluate China's energy and emissions reduction development path at a more granular level below the level of its macrorelationship to economic development.
Macroeconomic drivers
Key drivers of energy use in the model include activity drivers (total population growth, urbanization, building and vehicle stock, commodity production); economic drivers (total gross domestic product [GDP] , value-added [VA] GDP, income); energy intensity trends (energy intensity of energy-using equipment and appliances); and carbon intensity trends. These factors are in turn driven by changes in consumer preferences, settlement and infrastructure patterns, technical change, and overall economic conditions. Key macroeconomic parameters such as economic growth, population, and urbanization are aligned with international sources (e.g., the United Nations World Population Prospects) as well as Chinese sources (e.g., China Energy Research Institute reports).
These macroeconomic drivers in turn have important linkages to the energy demand subsectors, as shown in Figure 4 . 
Demand module
The demand module includes the five main economic sectors of residential buildings, commercial buildings, industry, transportation and agriculture. Because of the marginal and decreasing role of economic activity from agriculture, the agricultural sector is included in the model but generally not used. Within the energy demand module, the model is able to address sectoral patterns of energy consumption in terms of end-use, technology and fuel shares, including trends in saturation and usage of energy-using equipment, technological change (including efficiency improvements and complex linkages between economic growth), urban development, and energy demand. The industry sector modeling approach is explain below in more detail.
Industry model
The industry sector is divided into 12 specific energy-intensive industrial subsectors with physical activity drivers, including cement, iron and steel, aluminum, ammonia, ethylene, paper, glass, copper, alumina, caustic soda, soda ash, and calcium carbide. For cement, steel, and aluminum production, the main production drivers are based on the requirements of the built environment that reflects China's growing urban population, with floor space construction area, highway and paved road area, and railway length combined with material intensity values and ratios between cement, steel, and aluminum used to determine the resulting demand. Ammonia production, in contrast, was modeled as a function of sown area and fertilizer intensity, while ethylene production was based on population and per capita demand for plastics. Exports of these major energy-intensive industrial products are held constant at the base year level to reflect the policy emphasis on shifting away from energy-intensive industrial production to higher value-added production. Physical energy intensities in terms of energy use per ton (or other unit) of industrial product produced for each industrial sector are used.
Physical production values are multiplied by industry average physical intensities and then summed to derive energy consumption values for the energy-intensive industries.
In addition to the 12 energy-intensive industrial subsectors, there are also 18 valueadded driven industrial subsectors that include manufacturing, chemicals, light industry, and all other small industrial subsectors. As a conglomerate of various industries, production activity in these value-added sectors is characterized by value-added GDP, the annual growth of which is expected to slow down over time. Projections of the valueadded GDP output of each of these subsectors are derived from China's Energy Research Institute's (ERI's) computable general equilibrium (CGE) model for China. At the same time, the economic energy intensity of these value-added industries (as measured in kilograms of coal equivalent per unit of value-added GDP) is expected to decline significantly over time following international experiences with a shift towards higher value-added activity and market-driven pace of efficiency gains over time.
Cement production forecast methodology
Cement production is linked to construction of new urban and rural buildings, urban paved roads, expressways and Class I and II highways, and railway bed construction. Cement demand for these end uses is based upon two variables: the area of construction and the amount of cement used per construction unit. The formula for modeling cement production is shown below (Equation 2):
Where: Pc = Annual cement production CFS = Commercial floor space (three-year rolling average) RFSu = Urban residential floor space (three-year rolling average) RSFr = Rural residential floor space (three-year rolling average) CI1 = Commercial building cement material intensity CI2 = Urban residential building cement material intensity CI3 = Rural residential building cement material intensity PA = Urban paved area CI4 = Paved area cement material intensity H = Highways, specifically expressways, and Class 1 and 2 highways (three-year rolling average) CI5 = Highway cement material intensity R = Railroad track length, three-year rolling average CI6 = Railroad track cement material intensity InI = Industrial Investment CI7 = Cement material intensity for industrial construction Ex = Net exports of cement
Buildings Construction Linkages
Cement production for both commercial and residential buildings is calculated as annual newly constructed floor space in square meters (m 2 ) multiplied by the amount of cement required per m 2 (the cement intensity).
Annual newly constructed urban and rural commercial and residential floor space is calculated from a building stock turnover model, which quantifies average building lifetime by different construction years and by urban and rural areas. Residential building construction growth is modeled based upon population expansion (accounting for the effects of urbanization) and increasing demand for building space per person, as well as rebuild demands as a function of building turnover. 3 Commercial building construction is modeled based upon tertiary workforce size and growing floor space per tertiary worker, in addition to rebuild demands as a function of building turnover.
In the Base Case scenario, average building lifetimes are assumed to be 30 years, 40 years, and 50 years for urban residential and commercial buildings built in 1980-1999, 2000-2019, and 2020-2050, respectively . The building lifetimes are assumed to increase because of more strict building codes and higher quality of building materials.
Cement use per square meter of building (cement intensity) is assumed to be 0.15 ton/m 2 floor area for rural residential buildings (Liu 2010 ) and 0.22 ton/m 2 floor area for commercial buildings (Liu 2014) . For urban residential buildings, the cement intensity is expected to increase over time, as China's buildings are projected to become taller on average and require more cement for structural support. The share of six-story masonry-concrete buildings as a percentage of total buildings is expected to fall from 40 percent to about 10 percent between 2000 and 2020; while the share of seven-story or higher steel-concrete buildings is expected to continue to rise, eventually reaching 100 percent by 2030 (McKinsey 2009; Hu et al. 2010) . As a result, the average cement intensity of urban residential buildings is expected to increase from 0.212 ton/m 2 floor area in 2008 to 0.247 ton/m 2 floor area in 2030 and remain constant thereafter (Hu et al. 2010) .
Transport Sector and Paved Area Construction Linkages
The area of urban paved area is projected based on total population and an average per capita urban paved roads area. In 2009, China's average per capita urban paved areas was 7.75 m 2 /capita (NBS 2010). This value is assumed to double by 2030 in China, reaching the per capita urban paved roads area of Japan and the UK (WRI 2009). The expansion of urban paved areas and highways are modeled after Japan's experience of infrastructure development.
The area of primary roads, including expressways and Class I and II highways, is projected based on the total number of vehicles and an average value of vehicles per kilometer of primary road. China's vehicle per kilometer (km)of primary road value is assumed to reach Japan's level of 360 vehicles/km by 2040 and 400 vehicles/km by 2050 (Nambu 2008) . The average material intensity of cement use for urban paved roads and Class I and II highways is 1,080 kg/m 2 based on the design standard for highways (MOT 1997) . 4 In 2012, 72 percent of paved roads in China were concrete, and 38 percent of the country's total roads were concrete (Prospective Consultant Company 2014).
The railway track area forecast for China assumes that the accelerated 2015 target of 120,000 km set forth in the 12th FYP railway development plan and a potential target of 220,000 km by 2050 (Ministry of Railways 2011; Personal Communication, Dave Mullaney 2014) will be met. The material intensity of cement use for the railway is 14,203 ton/km (UNEP 2013). 5
In 2007, buildings and infrastructure (roads, railway beds) accounted for 55 percent of the total cement use in China (NBS, 2008) . The remaining 45 percent of cement use lies in industrial construction, urban infrastructure, and agriculture construction. Urban infrastructure includes energy facilities such as electricity and heat distribution network and natural gas supply pipelines; water supply and wastewater treatment facilities; transport facilities such as road, bridge, metro, and light rail; telecommunication facilities; and waste treatment facilities. Cement use in industrial construction refers to those used to build industrial facilities such as industrial plants, power plants, and so on.
Industrial investment driver
Other infrastructure (comprised of industrial construction, agriculture construction, and urban utilities in NBS statistics) is driven by industrial investment. Industrial investment projections used in the model are based on ERI's CGE model for China.
Iron and Steel Production Forecast Methodology
The production of iron and steel is divided into structural steel for infrastructural and 4 The average material intensity of cement use per m 2 is calculated based on the design requirements for number of lanes, lane width, and average thickness for expressways, Class I and II highways. We assume an average cement intensity of concrete at 12.5 percent and a concrete density of 2.4 tons/m 3 . 5 The Beijing-Shanghai high-speed elevated railway line has 1,318 km of viaduct, manufactured from 16.52 million tons of cement. There are twenty-two stations along the line, which required an estimated 2.2 million tons of cement, assuming 100,000 tons of cement per station. Therefore, the material intensity of the Beijing-Shanghai high-speed railway line is calculated as 14,203 ton/km. 13 construction demand and product steel used in appliances, machinery, and other products for final consumption, as well as exports. The formula for projecting steel production is as follows (Equation 3 
Building Construction Linkages
Structural steel accounted for 56 percent of total steel use in China in 2010. Structural steel has the same drivers as cement consumption (i.e., floor space demand per person, population size, and building turnover) and is therefore projected using the steel consumption of urban residential, rural residential, and commercial buildings. It is projected that as China's buildings become taller and shift to entirely steel-concrete structure, more steel will be consumed to construct new buildings. Specifically, as with the cement projections, we assume the share of seven-story or higher steel-concrete structures in urban residential buildings will rise from 60 percent in 2000 to 90 percent in 2020, and 100 percent in 2030 (McKinsey 2009; Hu et al. 2010) . The steel intensities for masonry-concrete and steel-concrete buildings are assumed to stay constant at current levels of 25 kg/m 2 and 59 kg/m 2 , respectively (Hu et al. 2010) . From 2010 to 2050, the average steel intensity of urban residential buildings will therefore increase from 49 kg/m 2 in 2010 to 59 kg/m 2 in 2030 and thereafter. Rural residential buildings also consume a small share of total structural steel, and its material intensity is assumed to grow slowly as well, from 5 kg/m 2 in 2000 to 7.7 kg/m 2 in 2050 (Hu et al. 2010) . Commercial buildings are assumed to be all high-rise steel-concrete buildings with the same constant steel intensity of 59 kg/m 2 as steel-concrete residential buildings.
Manufacturer Value-Added (MVA )-Based Calculations
Product steel was approximately 44 percent of total steel consumption in 2010. Product steel is projected based upon macroeconomic activity. In our previous modeling, a product steel to "Other Industry" value-added ratio of 198 tons of product steel per million US$ of "Other Industry" value-added is used for 2010. Following Japan's trend of declining ratio between steel production and manufacturing GDP from 1970 to 1988, the model assumed that the 2010 ratio will be lowered by 40 percent to 119 in 2030 as production shifts to higher value-added steel products (Japan Statistics Bureau 2010).
We organized the "Other Industry" category into a number of subsectors. Thus, we calculated the product steel production based on the MVA of only the few subsectors that produce products that require steel instead of all the "Other Industry" subsectors. Product steel production would then be calculated as 198 tons per million US$ of the machinery, transport equipment, and electric product manufacturing subsectors in 2010, dropping to 119 tons per million US$ in 2030, and assumed to further decline to 60 tons per million US$ in 2050, or 30 percent of the 2010 level (Japan Statistics Bureau 2010).
PM and SO2 Emissions calculation method for the cement and steel industry
In this analysis, we calculated total suspended PM and SO2 emissions from the cement and iron and steel industry in China. The year 2010 was chosen as the base year and 2010-2050 as the time frame for the analysis. We calculated only the direct emissions from cement and steel plants. The indirect emissions from electricity use and the transportation of raw materials and end products are not in the analysis. We used a series of PM and SO2 emissions factors for the cement and steel production, as well as the share and penetration rate of end-of-pipe emissions control technologies, to calculate the total emissions of these pollutants from the cement and steel industry in China from 2010-2050.
PM emissions calculation for the cement industry
To calculate the PM emissions for the cement industry, we used the unabated PM emissions factor of 105 kg PM/ton cement for NSP rotary kilns and 30 kg PM/ton cement for vertical shaft kilns in the Chinese cement industry in 2010 provided by Lei et al. (2011) . Having the cement production of each type of kiln in China in 2010, we calculated the total unabated PM emissions for the Chinese cement industry in 2010. Using the bottom-up methodology explained in previous sections, the DREAM model calculated and forecasted the cement production in China from 2010-2050 for different scenarios (Table 1) . Table 2 and Table 3 show the share of each of the control technologies assumed from 2010-2050 under different scenarios. Using the total unabated PM emissions calculated above, and the adoption share and emissions reduction efficiency of PM control technologies, we calculated the final total PM emissions from the Chinese cement industry from 2010-2050.
SO2 emissions calculation for the cement industry
Sulfur dioxide mainly comes from the oxidation of sulfur in coal. In precalciner kilns, approximately 70 percent of SO2 is absorbed by reaction with calcium oxide (CaO), while much less is absorbed in other rotary kilns and in shaft kilns. Utilization of baghouse filters, as required with new precalciner kilns, can further reduce SO2 emissions (Lei et al. 2011) . Lei et al. (2011) provides the SO2 emissions factors for precalciner kiln, other rotary kilns, and vertical shaft kilns for the Chinese cement industry (Table 4) . We assumed in 2010, 80 percent of Chinese cement plants have precalciner kilns, and the other 20 percent have either other rotary kilns or vertical shaft kilns. Based on that assumption, we calculated the weighted average SO2 emissions factor of 4.8 (kg/ton of coal combusted). By multiplying this SO2 emissions factor by total coal consumption in the Chinese cement industry in 2010, we calculated the total SO2 emissions for the Chinese cement industry before application of end-of-pipe control technologies in 2010.
Using the bottom-up methodology explained in previous sections, the DREAM model calculated and forecasted the coal use in the cement industry in China from 2010-2050 for different scenarios (Table 5) . In China, SO2 control technologies have rarely been installed in the industrial sector. In recent years, flue gas desulfurization (FGD) units for controlling SO2 have been installed at a small number of coal-fired boilers and sintering plants in selected regions (Wang et al. 2014) . Chinese cement plants usually do not have an FGD unit to reduce SO2 emissions, mostly because approximately 70 percent of the SO2 is absorbed by reaction with calcium oxide in the precalciner kilns. However, recently, because the quality of raw materials has decreased and there is more sulfur in the raw meal, sulfur content in the exhaust gas of many cement plants exceeded the standard limit. As of late 2016, there are approximately nine production lines that are using end-of-pipe SO2 control technologies. Therefore, we assumed that in our base year of 2010, there were only a few cement plants with end-of-pipe SO2 control technologies. This would be less than 1 percent of the total cement production capacity in China.
There are three main commercial SO2 emissions control technologies for the cement industry: 1. Absorbent addition: 70 percent SO2 reduction efficiency 2. Wet scrubber: 90 percent SO2 reduction efficiency 3. Activated carbon: 95 percent SO2 reduction efficiency
The adoption rate of each of these control technologies in the Chinese cement industry in 2010 was assumed to be zero. For the Base Case and Advanced scenarios, we assumed no changes in the share and penetration rate of control technologies up to 2050. For the Advanced EOP scenario, we assumed improvement in the penetration of control technologies. We assumed slow growth up to 2030 and accelerated growth for 2030-2050. Table 6 and Table 7 show the adoption rate of each of the SO2 control technologies from 2010-2050 under the three different scenarios. Using the total SO2 emissions before application of end-of-pipe control technologies calculated above, and the penetration rate and emissions reduction efficiency of SO2 control technologies, we calculated the final total SO2 emissions from the Chinese cement industry from 2010-2050.
PM emissions calculation for the steel industry
In the steel industry, blast furnaces and sinter plants account for approximately 90 percent of the total PM emissions, while basic oxygen furnaces and electric arc furnaces account for the remainder of PM emissions from the steel production process (Wang et al. 2016) . To calculate the PM emissions for the Chinese steel industry, we used the PM emissions factors for sinter plants, BF, BOF, and EAF of the Chinese steel industry provided separately by Wang et al. (2016) based on 2010 end-of-pipe PM control technologies adoption rate (Table 8) . By multiplying the PM emissions factor of each production process by the total production of that process in China in 2010, we calculated the total PM emissions for each process and for the Chinese steel industry in 2010. Using the bottom-up methodology explained in previous sections and the China 2050 DREAM model, we calculated and forecasted the production of sinter, pig iron by BF, and crude steel by BOF and EAF, in China from 2010-2050 for different scenarios (Tables 9-12 ). (Wang et al. 2014; Wu et al. 2015) . Wang et al. (2014) Using the total PM emissions calculated above for the Advanced scenario, and average PM emissions reduction efficiency of control technologies calculated based on their share of adoption in each year, we calculated the unabated PM emissions in each year under the Advanced scenario. Then, using the adoption share and emissions reduction efficiency of PM control technologies in the Advanced EOP scenario, we calculated the final total PM emissions for each production process and the Chinese steel industry under the Advanced EOP scenario from 2010-2050.
SO2 emissions calculation for the steel industry
In the steel industry, over 90 percent of the SO2 emissions are from sinter plants (Wang et al. 2016) . To calculate the SO2 emissions for the Chinese steel industry, we used the SO2 emissions factors of 3.2 kg SO2/ton product for sinter plants provided by Wang et al. (2016) based on the 2010 end-of-pipe SO2 control technologies adoption rate. By multiplying this SO2 emissions factor by the total sinter production in China in 2010, we calculated the total SO2 emissions for sinter production in China in 2010. Wang et al. (2014) For the Advanced EOP scenario, we assumed improvement in the control technologies share based on information from Wu et al. (2015) and projections given in Wang et al. (2014) up to 2030, and expert judgment for 2030-2050. Table 17 shows the assumed change in the adoption of SO2 control technologies from 2010-2050 under the Advanced EOP scenario for sinter plants. Using the SO2 emissions calculated above for the Advanced scenario, and average SO2 emissions reduction efficiency of control technologies calculated based on their share of adoption in each year, we calculated the unabated SO2 emissions in each year under the Advanced scenario. Then, using the adoption share and emissions reduction efficiency of SO2 control technologies in the Advanced EOP scenario, we calculated the final total SO2 emissions for the Chinese sinter plants under the Advanced EOP scenario from 2010-2050.
Since we assumed that sinter plants account for 90 percent of the SO2 emissions from the steel industry, we divided the sinter plants' SO2 emissions calculated above by 0.9 to calculate the total SO2 emissions from the Chinese steel industry from 2010-2050.
PM abatement cost calculation for the cement industry
In addition to calculating the PM and SO2 emissions for the cement and steel industry in 2010-2050, which is explained above, we also did an example calculation for the PM abatement cost for the cement industry in China. The PM abatement cost is calculated for PM control technologies, energy efficiency measures, and product change measures separately, as explained below. The PM abatement cost is calculated for a typical preheater-precalciner cement plant with a production capacity of 3,000 tons of clinker per day.
PM abatement cost calculation for PM control technologies
We considered two technologies that are the dominant PM control technologies in the cement industry in China: Electrostatic Precipitators and Fabric Filters. Table 18 shows the typical PM removal efficiency, capital cost, and operation and maintenance (O&M) cost, as well as the assumed lifetime, for these two control technologies. The abatement cost can be calculated using Equation 4 Using the information in Table 18 and the equations above, we can calculate the annualized cost for PM control technologies. To calculate the annual PM emissions reduction for each technology, we used the unabated PM emissions factor of 245 kg PM / ton of cement and applied that to the annual production of a cement plant with production capacity of 3,000 tons of clinker per day. We used the average clinker-tocement ratio of 65 percent to convert clinker production to cement production. By multiplying the annual cement production by the unabated PM emissions factor and then multiplying by the PM reduction efficiency of each technology, we calculated the annual PM emissions reduction for each of the control technologies for the assumed cement plant. Then, using Eq. 4, we calculated the PM abatement cost for each control technology.
PM abatement cost calculation for energy efficiency measures
For the energy efficiency measures' PM abatement cost calculation, we used a list of 24 energy efficiency measures from our earlier study of the cement industry in China (Hasanbeigi et al. 2013) . Of these 24 measures, 20 save electricity and 4 save fuel. Because fuel combustion in the cement kiln contributes only to a small fraction of total PM emissions, reducing or substituting fuel does not reduce PM emissions significantly. Therefore, we only calculated the PM abatement cost for the 20 electricity saving measures. Since PM emissions from electricity production happen at a power plant's site, we used China's average grid PM emissions factor of 0.97 kg PM/megawatt-hours (MWh) in 2010 in our calculation. Also, as mentioned above, the calculation was done for a cement plant with production capacity of 3,000 tons of clinker per day. Table 19 shows the list of energy efficiency measures, along with their typical cost and electricity savings. It should be noted that all energy efficiency measures result to CO2 emissions reduction and other benefits which are not included in this analysis. From the information in Table 19 , we calculated the annual electricity saving, and subsequently annual PM emissions reduction, by each efficiency measure. Using Eq. 5, we calculated the annualized cost for each measure implemented in the given cement plant. Finally, we used Eq. 4 to calculate the PM abatement cost for each efficiency measure. For comparison with the PM abatement cost of control technologies calculated in the previous section, we calculated the weighted average PM abatement cost for all energy efficiency measures, using the individual PM abatement cost and PM abatement potential of each measure.
PM abatement cost calculation for production change measures
Product change measures allow for a higher substitution of clinker, which is the energyintensive intermediary product in the cement production process with additives such as fly ash, pozzolans, blast furnace slag, or crushed limestone. For product change measures' PM abatement cost calculation, we used two measures from our earlier study for the cement industry in China (Hasanbeigi et al. 2013) . We assumed that the blended cement measure and the limestone Portland cement measure substituted an additional 10 percent and 5 percent of clinker in a typical cement plant with 3,000 tons of clinker per day capacity, respectively. Also, based on Hasanbeigi et al. (2013) , we assumed an average electricity intensity of 77.8 kWh/ton of clinker and a fuel intensity of 3.7 gigajoules (GJ)/ton of clinker for the given cement plant. Using this information, we calculated the annual electricity and fuel saving of each measure (Table 20) . Then, using the emissions factors for electricity and clinker production provided in the previous section, we calculated the total annual PM reduction for each product change measure. Finally, we used the procedure explained in previous section, as well as Eq. 4 and Eq. 5, to calculate the PM abatement cost of product change measures. It should be noted that all energy efficiency measures result to CO2 emissions reduction and other benefits which are not included in this analysis. 
Results and Discussions
The following sections present the results of PM and SO2 emissions projection for the Chinese cement and steel industry between 2010 and 2050. The abatement costs for PM reduction in the Chinese cement industry using end-of-pipe control technologies, energy efficiency and product change measures are also presented. Figure 5 show the total PM emissions from the Chinese cement industry from 2010-2050 under the Base Case, Advanced, and Advanced EOP scenarios. As can be seen, there is not a substantial difference between cement industry PM emissions under the Base Case and Advanced scenarios. This is because, as explained in Section 3.3.1, we assumed a similar share and penetration rate of control technologies from 2010 to 2050 for these two scenarios. Also, the cement production in the Advanced scenario is not significantly lower than that in the Base Case scenario, which would be necessary to lower the emissions for this scenario substantially. However, the Advanced EOP scenario has significantly lower PM emissions, reaching 1.7 million tons of PM in 2050, which is less than half that in the other two scenarios. This is because of an accelerated and higher penetration of an advanced control technology-fabric filters-which have higher PM removal efficiency compared to that of electrostatic precipitators. In addition, the Chinese cement industry PM emissions under all three scenarios peak by 2020. This is mainly because cement production in China is projected to peak between 2015 and 2020. 
PM emissions projection for the cement industry in China
PM emissions projection for the steel industry in China
Similar to the cement industry, the PM emissions of the Chinese steel industry do not vary substantially between the Base Case and the Advanced scenario ( Figure 7 ). This is also because we assumed a similar share and penetration rate of control technologies from 2010 up to 2050 for these two scenarios. The Advanced EOP scenario, however, has significantly lower PM emissions for the Chinese steel industry, reaching approximately 1.2 million tons in 2050. This is about 65 percent of the PM emissions under the other two scenarios in 2050. The main reason for this difference is a higher penetration of fabric filters under the Advanced EOP scenario, as explained in Section 3.3.3. Under the Base Case and Advanced scenarios, the PM emissions of the Chinese steel industry peaks in 2020, which is the year that steel production is projected to peak in China. However, in the Advanced EOP scenario, PM emissions peak in 2015. The accelerated penetration of the fabric filter, which has a higher PM removal efficiency compared to other PM control technologies, contributes to the earlier peak in PM emissions of the steel industry in the Advanced EOP scenario. 
SO2 emissions projection for the steel industry in China
The SO2 emissions of the Advanced scenario are slightly lower than those of the Base Case scenario, mainly because of the lower steel production in the Advanced scenario (Figure 8 ). The SO2 emissions of the Advanced EOP scenario is significantly lower than that of the two other scenarios, with emissions declining to 323,000 tons in 2050, which is equal to 21 percent and 17 percent of the emissions of the Advanced and Base Case scenarios in 2050, respectively. This is due to the assumption of a higher penetration of wet scrubbers in sinter plants in China between 2010 and 2050 . Under all scenarios, the SO2 emissions from the Chinese steel industry peak in 2015. 
PM abatement cost for the cement industry in China
In addition to having PM emissions projections, it is important to have an estimate of the PM abatement cost for different PM abatement options, i.e., end-of-pipe control technologies, energy efficiency measures, and production change measures for the cement industry. We conducted the economic analysis for the PM reduction in the cement industry as an example to illustrate how such analysis can be conducted and to show the results for the cement industry. The results of this economic analysis will help to better understand the cost for reducing a unit of PM pollution using different abatement options. This will help policy makers, industry, and other interested parties to make a more informed decision, policy design, and analysis.
Using the methodology explained in Section 3.4, we calculated the PM abatement cost for the following PM abatement options implemented in a typical preheater-precalciner cement plant with a production capacity of 3,000 tons of clinker per day:  Two end-of-pipe PM control technologies: electrostatic precipitators and fabric filters (Table 21 )  Twenty energy efficiency measures (Table 22)  Two product change measures (Table 23) Results show that end-of-pipe PM control technologies have the lowest abatement cost per ton of PM reduced, followed by product change measures and energy efficiency measures, respectively. However, compared to many energy efficiency measures and product change measures, end-of-pipe PM control technologies often have higher initial capital cost. Also, note that these PM abatement options are rather complementary and may not necessarily substitute for each other. In particular, end-of-pipe PM control technologies have over 96 percent PM emissions reduction efficiency, which cannot be met by energy efficiency measures. Therefore, it is best to have end-of-pipe control technologies in place and then implement as many energy efficiency and product change measures as possible on top of the control technologies in order to have maximum PM emissions reduction. * The calculation was for a cement plant with a production capacity of 3,000 tons of clinker per day. ** The weighted average was calculated using the individual measure PM abatement cost and the annual PM abatement potential of each efficiency measure. ** We assumed that the blended cement measure and the limestone Portland cement measure substitute an additional 10 percent and 5 percent of the clinker in a typical cement plant with 3,000 tons of clinker per day capacity, respectively.
Conclusions
This study quantified the total PM and SO2 emissions of Chinese cement and steel industry under different scenarios from 2010-2050. Further, we conducted a detailed technology-level economic analysis, estimating the PM abatement costs for different abatement options in the cement industry in China.
The results show that the PM emissions of the Chinese cement and steel industry do not vary significantly between the Base Case and Advanced scenarios. This is mainly because PM emissions in the cement industry caused mainly by production process and not the fuel use. Since our forecast for the cement production in the Base Case and Advanced scenarios are not too different from each other, this results in only slight difference in PM emissions forecast for these two scenarios. Also, we assumed a similar share and penetration rate of control technologies from 2010 up to 2050 for these two scenarios for the cement and steel industry. However, the Advanced EOP scenarios have significantly lower PM emissions for the Chinese cement and steel industry due to the higher penetration of fabric filters under this scenario. The Advanced EOP scenario also has the lowest SO2 emissions for the cement and steel industries in China. In addition to less coal consumption in the cement industry and less steel production in the steel industry under the Advanced EOP scenario, a higher penetration of wet scrubbers is a major contributor to lower SO2 emissions in this scenario.
The economic analysis showed that for the Chinese cement industry, end-of-pipe PM control technologies have the lowest abatement cost per ton of PM reduced, followed by product change measures and energy efficiency measures, respectively.
In summary, in order to meet Chinese national and regional air quality standards, best practice end-of-pipe emissions control technologies must be installed in both cement and steel industry and it must be supplemented by implementation of energy efficiency technologies and reduction of cement and steel production through structural change in industry.
Despite the uncertainties associated with this analysis and assumptions made, we believe it provides valuable information for policy makers on the different future PM and SO2 emissions scenarios and mitigation strategies for the cement and steel industry in China.
regions, wet processing may be preferable. In the wet process, raw materials are ground in a ball or tube mill with the addition of water to produce a slurry whose water content ranges from 24 to 48 percent but is typically 36 percent (Worrell and Galitsky 2004) .
A.1.3. Clinker Production
Clinker production is the most energy-intensive stage in cement production, accounting for more than 90 percent of total cement industry energy use and virtually all of the fuel use. Kiln systems evaporate the inherent water in the raw meal, calcine the carbonate constituents (calcination), 6 and form cement minerals (clinkerization).
The main type of high-heat or pyroprocessing kiln used today is the dry rotary kiln. A dry rotary kiln uses feed material with a low moisture content (0.5 percent). The first dry kiln process was developed in the United States and did not involve preheating. Later developments added multi-stage suspension preheaters (cyclones) or shaft preheaters. More recently, precalciner technology was developed, in which a second combustion chamber is added between the kiln and a conventional pre-heater that allows for further reduction of kiln fuel requirements. The typical fuel consumption of a dry kiln with four-, five-, or six-stage preheating can vary between 2.9 and 3.5 gigajoules (GJ)/t of clinker, and almost all the process-related CO2 emissions from cement production are associated with calcination during clinker production.
Once the clinker is formed in the rotary kiln, it is cooled rapidly to minimize the formation of glass and ensure the maximum yield of alite (tricalcium silicate), an important component for the hardening properties of cement. The main cooling technologies are the grate cooler or the tube or planetary cooler. In the grate cooler, which is most common today, the clinker is transported over a reciprocating grate through which air flows perpendicular to the clinker flow (Worrell and Galitsky 2004) .
A.1.4. Finish Grinding
To produce powdered cement, the nodules of clinker are finely ground in ball mills, ball mills combined with roller presses, roller mills, or roller presses. At this stage, 3 to 5 percent gypsum is added to control the setting properties of the cement. The amount of electricity used for raw meal and finish grinding depends strongly on the hardness of the materials (e.g., limestone, clinker, pozzolana) and the desired fineness of the cement, as well as the amount of additive. Blast furnace slag is harder to grind, and thus requires more grinding power. Traditionally, ball mills are used in finish grinding, but many plants use vertical roller mills too. Modern state-of-the-art approaches utilize a high-pressure roller mill or horizontal roller mill (e.g., Horomill ® ). Finished cement is stored in silos, tested, and bagged or shipped in bulk on bulk cement trucks, railcars, barges, or ships (Worrell and Galitsky 2004) . Steps in the cement production process using the new suspension preheater and precalciner kiln
A.2. Description of Iron and Steel Production
Iron ore is chemically reduced to produce steel by one of three process routes: (1) blast furnace (BF)/basic oxygen furnace (BOF), (2) direct reduction/electric arc furnace (EAF), or (3) smelting reduction/BOF (European Commission 2010). Steel is also produced by direct melting of scrap in an EAF. Each of these processes is briefly explained below. Blast furnace/basic oxygen furnace (BF-BOF) and EAF production are the most common steel production processes worldwide. In 2010, BF-BOF production accounted for approximately 65 percent of the steel manufactured worldwide, and EAF production accounted for approximately 30 percent (worldsteel 2011). In China, BF-BOF production process accounted for 89.6 percent of total steel production in that country and 92.8 percent of the steel produced by key medium-and large-sized steel enterprises in China in 2010. Almost all the remaining steel is produced by the EAF in China. 8
A.2.1. Raw materials
Sintering
In sintering, iron ore fines, other iron-bearing wastes, and coke dust are blended and combusted; the heat induces incipient fusion to convert the fines into coarse lumps (sinter) that can be used as raw material (charge) in a BF. Sintering enables manufacturers to use iron ore fines and other iron-bearing wastes but requires a large capital investment and air pollution controls (APP 2010).
Pelletizing
In pelletizing, iron ore is crushed and ground to remove impurities. The resulting beneficiated (iron-rich) ore is mixed with a binding agent and then heated to create durable, marble-sized pellets. These pellets can be used in both BF and direct reduction steel manufacturing (APP 2010). Pellet plants are mostly located at mining sites.
Coke Making
Coke is a carbon product formed by thermal distillation of metallurgical coal at high temperatures in the absence of air. Coke is produced in batteries of coke ovens. It is used to provide a reducing atmosphere in a BF and is also a source of fuel. One of the key characteristics of coke is its porosity, which enables the gas exchange throughout the BF from the bottom to the top. Approximately one-third of the cleaned coke oven gas (COG) is used to fuel the coke ovens, and the remainder is used in other steel plant combustion units. Some newer coke plants use non-recovery coke ovens that burn rather than recover the by-products. The new non-recovery coke plants capture combustion waste heat to generate steam and electricity. The primary CO2 emissions point at coke plants is the combustion stack from the ovens (U.S. EPA 2010).
A.2.2. Ironmaking
The subsections below describe three ironmaking processes: (1) the BF/BOF, (2) direct reduction, and (3) smelting reduction (SR) processes.
Blast Furnace
A blast furnace is a huge shaft furnace that is top-fed with iron ore, coke, and limestone. These materials form alternating layers in the furnace and are supported on a bed of incandescent coke. Hot air is blown through an opening into the bottom of the furnace and passes through the porous bed. The coke combusts, producing heat and carbon monoxide (CO) gas. The heat melts the charge, and the CO removes the oxygen from the iron ore, producing hot metal. 9 Hot metal is a solution of molten iron at approximately 1,480C, which contains 4 percent carbon and some silicon. This hot metal flows to the bottom of the furnace, through the coke bed and is periodically "tapped" from the furnace into transfer cars and transported to the BOF where it is refined into steel. The BF is the most energy-intensive step in the BF-BOF steelmaking process, generating large quantities of CO2 (AISI 2010).
A.2.3. Steelmaking
The subsections below describe the steelmaking processes.
Basic Oxygen Furnace (BOF)
The BOF converts liquid hot metal from the BF into steel. The main operation is the addition of oxygen to remove carbon from the hot metal. In recent years, extensive ladle metallurgy processes have been developed to improve steel quality. A BOF uses virtually no energy and does not produce net energy (IEA 2007) .
Electric Arc Furnace (EAF)
Electric arc furnaces are used mainly to produce steel by recycling ferrous scrap. Direct reduced iron (DRI) and pig iron also can be fed to the EAF as a scrap substitute. Electric arc furnaces are equipped with carbon electrodes that can be raised or lowered through the furnace roof to provide the necessary energy by an electric arc. Energy consumption in EAF-steelmaking is much lower, as the energy-intense reduction of iron ore has already been carried out in the BF (or in the DRI or SR plant). Electric arc furnace steelmaking can use a wide range of scrap types, DRI, pig iron, and molten iron (up to 30 percent) as the feed charge. The liquid steel from an EAF is generally sent to a ladle metallurgy station (LMS) to improve the steel quality. Recycling of scrap into steel saves virgin raw materials, as well as the energy required to convert them (APP 2010).
A.2.4. Casting, rolling, and finishing
The molten steel produced by both BOFs and EAFs follows similar routes after leaving the furnace: it is transferred from the LMS to the continuous caster, which forms the steel into semi-finished shapes (e.g., slabs, blooms, billets, rounds, and other special sections). Steel from the continuous caster is mainly processed in rolling mills to produce the final shapes that are sold by the steel mill. These shapes include coiled strips, rails, sheets, many structural shapes, rods, and bars. Because rolling mills consume electricity, they contribute to indirect greenhouse gas emissions. Fossil fuels (e.g., natural gas) are consumed in furnaces to reheat the steel before rolling. The products from the hot rolling mill may be further processed in various ways, such as annealing, hot forming, cold rolling, heat treating (tempering), pickling, galvanizing, coating, or painting. The furnaces are custom designed for the type of steel, the dimensions of the semi-finished steel pieces, and the desired temperature (U.S. EPA 2010).
